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Correlations between estrogen and herpes simplex virus (HSV) reactivation from latency have been
suggested by numerous clinical reports, but causal associations are not well delineated. In a murine HSV-1
corneal infection model, we establish 17-� estradiol (17-�E) treatment of latently infected ovariectomized
mice induces viral reactivation, as demonstrated by increased viral load and increased immediate-early
viral gene expression in the latently infected trigeminal ganglia (TG). Interestingly, the increased HSV
reactivation occurred in the absence of inhibition of viral specific CD8� T-cell effector function. 17-�E
administration increased HSV reactivation in CD45� cell-depleted TG explant cultures, providing further
support that leukocyte-independent effects on latently infected neurons were responsible for the increased
reactivation. The drug-induced increases in HSV copy number were not recapitulated upon in vivo
treatment of latently infected estrogen receptor alpha-deficient mice, evidence that HSV reactivation
promoted by 17-�E was estrogen receptor dependent. These findings provide additional framework for the
emerging conceptualization of HSV latency as a dynamic process maintained by complex interactions
among multiple cooperative and competing host, viral, and environmental forces. Additional research is
needed to confirm whether pregnancy or hormonal contraceptives containing 17-�E also promote HSV
reactivation from latency in an estrogen receptor-dependent manner.

Herpes simplex viruses (HSV) are ubiquitous pathogens of
humans characterized by their propensity to establish latency
in sensory neurons of the peripheral nervous system. Intermit-
tent reactivation of HSV from latency, followed by recurrent
shedding onto body surfaces in close proximity to sites of
primary infection, often produces epithelial and mucosal ul-
cerations, while less frequently causing keratitis, retinal necro-
sis, meningitis, and encephalitis (9, 16, 17, 37). Although in-
creased levels of emotional stress, UV radiation exposure, and
immunosuppression have been identified as risk factors (15,
28, 30, 32), delineation of the underlying mechanisms respon-
sible for HSV reactivation from latency is incomplete.

Data accumulated from clinical research suggests that ele-
vated levels of estrogen may also be included among the risk
factors that promote increased HSV reactivation from latency.
In both cross-sectional and longitudinal studies, oral hormonal
contraceptive use was associated with an increased frequency
of HSV detection in the lower genital tract (7, 23, 24). During
pregnancy, HSV-2 seropositive women denying any prior his-
tory of herpetic outbreaks were at increased risk for symptom-
atic episodes of HSV reactivation (12). More frequent asymp-
tomatic genital tract shedding of HSV has also been correlated
with the escalating serum estrogen concentrations found in

each successive trimester of pregnancy (5). Taken together,
these clinical data support a plausible role for estrogen as a risk
factor for HSV reactivation from latency.

Adequate exploration of any potentially causal relationships
between estrogen and increased HSV reactivation requires
awareness of the various factors contributing to maintenance
of the latent state. HSV appears to establish latent infection
exclusively in neurons, suggesting that this cell type possesses
an intrinsic capacity to limit viral gene expression (20). Host
immune responses, however, may also help inhibit HSV gene
expression. This reliance on host immunosurveillance of la-
tently infected neurons is best supported by experimental mod-
els of infection that demonstrate virus-specific CD8� T cells
prevent HSV reactivation from latency both in vivo and in ex
vivo neuronal cultures via gamma interferon (IFN-�) produc-
tion and the release of lytic granules (18, 19). Contributing to
the complexity, latently infected neurons also appear to sup-
press viral reactivation via regulation of these same HSV-
specific CD8� T-cell effector mechanisms (36). In addition to
neuronal and host immune factors, abundant production of
only one HSV transcript during latency, the latency-associated
transcript (LAT), suggests that the virus itself contributes to
maintenance of the latent state (34, 35).

In the present investigation, we used a murine model of
ocular HSV-1 infection to investigate the effects of 17-� estra-
diol (17-�E) on CD8� T-cell effector function and viral reac-
tivation within the latently infected trigeminal ganglia (TG).
Although 17-�E failed to impair pertinent CD8� T-cell effec-
tor functions previously shown to be important for suppression
of HSV reactivation in murine sensory ganglia, our study pro-
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vides strong evidence for the ability of the drug to disrupt an
established latent state via leukocyte-independent effects on
latently infected neurons.

MATERIALS AND METHODS

Mice and virus infection. All animal experiments were conducted according to
guidelines provided by the Institutional Animal Care and Use Committee of the
University of Pittsburgh. Ovariectomized 5- to 6-week-old C57BL/6 mice and
female estrogen receptor 1 (ER1) knockout (Esr1tmKsk) mice on a C57BL/6
background were purchased from The Jackson Laboratory (Bar Harbor, ME).
Mice were housed five animals per cage and provided a pellet diet devoid of
estrogenic hormones (Verified Casein Diet 1 IF; LabDiet, St. Louis, MO). All
mice were anesthetized via intraperitoneal injection of ketamine hydrochloride
and xylazine (Phoenix Scientific, St. Joseph, MO) before corneas were scarified
for bilateral infection with 105 PFU of wild-type HSV-1 RE.

Reagents. Dulbecco modified Eagle medium (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Law-
renceville, GA), 100 IU of penicillin G/ml, 50 mg of streptomycin/ml, and 10 U
of recombinant interleukin-2 (IL-2; R&D Systems, Minneapolis, MN)/ml was
used as the TG culture medium. The antiviral drug acyclovir (ACV; American
Pharmaceuticals Partners, Schaumburg, IL) was added, where indicated, to TG
cultures at a concentration of 50 �g/ml. Stock solutions (10�2 M) of 17-�E
(Spectrum, Gardena, CA) were solubilized in dimethyl sulfoxide (Sigma-Aldrich,
St. Louis, MO), and working solutions were diluted in TG culture medium (the
dimethyl sulfoxide concentrations were �0.001% of the working solutions) in
order to provide final concentrations of 17-�E in TG cultures that were within
the pharmacologic serum concentrations of the drug. Mice latently infected with
HSV-1 were implanted with 21-day sustained release pellets containing 0.5 or 5.0
mg of 17-�E or matching placebo pellets (Innovative Research of America,
Sarasota, FL). 17-�E serum levels were determined by radioimmunoassay (Uni-
versity of Virginia Ligand Assay and Analysis Core Laboratory, Charlottesville,
VA). Unless otherwise indicated, antibodies used in this investigation were
purchased from BD Pharmingen (San Diego, CA).

Single-cell TG suspensions. Latently infected TG were excised and dissociated
with 400 U of collagenase type I (Sigma-Aldrich)/ml into single-cell suspensions.
Where indicated, TG cell suspensions were depleted of CD45� cells by sequen-
tial treatment with monoclonal antibodies specific for CD45 (30-F11) and rabbit
complement (Cedarlane Laboratories, Hornby, Ontario, Canada) as previously
described (8, 26). Using flow cytometry, this procedure was found to reduce
CD45� cells by �97%.

Analysis of the TG inflammatory cell infiltrates. At �35 days postinfection
(dpi), the TG were excised, dispersed into single cell suspensions, and stained
with peridinin chlorophyll a protein (PerCP)-conjugated rat anti-mouse CD45
(30-F11), Pacific Blue-conjugated rat anti-mouse CD8� (53-6.7; eBioscience, San
Diego, CA), and phycoerythrin (PE)-conjugated H-2Kb dimers or tetramers
(NIAID Tetramer Facility) containing the C57BL/6 immunodominant gB498-505

(SSIEFARL) peptide (Invitrogen) (31).
Cytokine/chemokine detection in TG culture supernatant. Individual TG from

latently infected mice (35 to 40 dpi) were incubated in TG culture medium
containing ACV for either 2 or 5 days at 37°C/5% CO2. Cytokine/chemokine
arrays were performed on collected supernatants using Beadlyte Mouse 21-Plex
cytokine detection (Upstate Biotechnology, Lake Placid, NY) and Luminex 100
xMAP (Luminex Corp., Austin, TX) systems according to manufacturers’ in-
structions. Analyte concentrations were determined by using regression analyses
from standard curves generated from manufacturer-supplied standards (1).

Ex vivo CD8� T-cell responses. At �35 dpi, single-cell TG suspensions were
stimulated for 6 h with 5 � 105 HSV-1-infected targets (B6WT350 fibroblast cell
line infected at a multiplicity of infection of 5 for 12 to 24 h) at 37°C in 5% CO2

in the presence of fluorescein isothiocyanate-conjugated rat anti-mouse CD107a
(1D4B) and Golgi-Plug (BD Pharmingen). Cells were then stained with PerCP-
conjugated anti-CD45 and Pacific Blue-conjugated anti-CD8�. After treatment
with Cytofix/Cytoperm (BD Pharmingen), intracellular staining with allophyco-
cyanin-conjugated rat anti-mouse IFN-� (XMG1.2) and PE-conjugated rat anti-
mouse tumor necrosis factor (TNF; MP6-XT22) was performed. With each
experiment, appropriate isotype control antibodies were included.

CD8� T-cell response to latently infected neurons. At 35 to 40 dpi, pooled TG
cells were suspended in TG medium supplemented with ACV or vehicle alone
and incubated for 96 h at 37°C in 5% CO2 (1.0 TG equivalent per well of a
24-well plate). Fluorescein isothiocyanate-conjugated rat anti-mouse CD107a
and Golgi-Plug were added to the cultures during the last 6 h of the incubation.
Cell staining was performed as described above.

Quantification of TG ICP4 HSV-1 transcripts. At 4 dpi (acute infection) or 35
dpi (latent infection), TG were excised and dissociated into single cell suspen-
sions. Total RNA was extracted from the cells by using QIAshredder and
RNeasy kits (Qiagen, Valencia, CA) according to the manufacturers’ instruc-
tions. Also according to the manufacturer’s instructions, cDNAs were generated
from the extracted RNA by using a high-capacity cDNA archive kit (Applied
Biosystems, Inc. [ABI], Foster City, CA). Quantitative real-time reverse trans-
criptase PCR (qRT-PCR) analysis for message transcripts used ABI primer-
probe kits for the mouse housekeeping gene encoding pyruvate carboxylase
(catalog no. Mm0050092_m1) and the HSV-1 immediate-early gene ICP4. Cus-
tom-synthesized ICP4 sequences were as follows: forward primer, 5	-GCAGCA
GTACGCCCTGA-3	; reverse primer, 5	-CGGCGCCTCTGCGT-3	; and probe,
5	-(FAM)CACGCGGCTGCTGTACA(NFQ)-3	. qRT-PCR assays were per-
formed as previously described (10), and ICP4 viral transcript levels were deter-
mined by calculating the mean difference between levels measured from samples
in which RT was included (positive RT) and samples in which RT was excluded
(no-RT controls).

Quantification of TG HSV-1 genome copy number. HSV-1 genome copy num-
ber per TG was determined by real-time PCR quantification of the HSV-1
glycoprotein H (gH) gene. Total DNA per TG was isolated by using DNeasy
columns (Qiagen) and quantified by spectrophotometry. Then, 25 ng of DNA or
water control was mixed in duplicate with 25 �l of mixture of TaqMan Universal
PCR Master Mix (Roche) and a gH-specific primer-probe set (Assays-by-Design
Service [Applied Biosystems]). Using real-time PCR, the samples were assayed
in 96-well plates by using an Applied Biosystems Prism 7700 sequence detector.
The number of viral gH copies per sample was determined from standard curves
generated from known standards, and the number of viral genome copies per TG
was calculated based on the total DNA extracted from each TG. gH sequences
were as follows: forward primer, 5	-CGACCACCAGAAAACCCTCTTT-3	);
reverse primer, 5	-ACGCTCTCGTCTAGATCAAAGC-3	; and probe, 5	-
(FAM)TCCGGACCATTTTC(NFQ)-3	.

HSV-1 reactivation kinetics. TG cell suspensions were incubated in 96-well
plates (0.1 TG equivalents per well) at 37°C in 5% CO2). Culture supernatants
were serially sampled after 4, 6, and 8 days of incubation and assayed for
infectious HSV-1 by using a previously described viral plaque assay (10).

Statistical considerations. Statistical analysis of the effects of 17-�E on cyto-
kine detection in TG culture supernatants was performed by using a two-tailed
unpaired t test with 95% confidence intervals. Cubic curve fitting was used to
determine dose-response relationships between serum estrogen concentrations
and HSV genomic copy number in the latently infected TG of ovariectomized
mice treated with sustained release pellets containing either 0.5 or 5.0 mg of
17-�E or matching placebo pellets (R2 value reported). The results from the
quantification of ICP4 viral transcripts were analyzed using one-way analysis of
variance (ANOVA) and Student Newman-Keuls test (t test among multiple
sample groups). Between-group differences in viral genomic copy and CD8�

T-cell number or function were determined by using one-way ANOVA and, if
applicable, Tukey’s multiple comparison tests.

RESULTS

In vivo 17-�E treatment increases HSV-1 genome copy num-
ber in the latently infected TG. In earlier work with a murine
model of ocular HSV-1 infection, we demonstrated that me-
droxyprogesterone acetate (MPA), the compound most com-
monly found in injectable hormonal contraceptives, impaired
virus-specific CD8� T-cell effector function and increased viral
reactivation from latency (6). For the current investigation we
used a similar model to determine whether 17-�E, the active
ingredient present in many oral hormonal contraceptives, pro-
duced similar effects. Latently infected (�35 dpi) ovariecto-
mized mice were treated for 14 days with sustained release
pellets containing either 0.5 or 5.0 mg of 17-�E or matching
placebo pellets. TG were then excised and dispersed into single
cell suspensions, and their DNA was isolated and analyzed for
HSV genome copy number by real-time PCR. Placebo-treated
ovariectomized mice in this investigation established HSV TG
viral loads during latency slightly lower than those previously
observed among intact B6 mice (11), but the difference did not
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achieve statistical significance. Compared to placebo-treated
controls, 17-�E treatment was associated with a dose-depen-
dent increase in HSV genome copy number (Fig. 1A). From
other identically 17-�E-treated groups of ovariectomized mice,
serum was also collected at the time of TG harvest (35 dpi) to
explore the relationship between serum estrogen concentra-
tion and HSV reactivation. As demonstrated in Fig. 1B, a
positive correlation between serum estrogen concentration and
TG viral burden was detected among latently infected mice
that received 0.5- and 5.0-mg 17-�E pellets (R2 
 0.6279).

In vivo 17-�E treatment increases HSV-1 lytic gene expres-
sion in the latently infected TG. To provide further evidence
that the treatment-induced increases in HSV genome copy
number represented increases in viral replication, we mea-
sured the expression of ICP4, an essential immediate-early
viral gene, among latently infected ovariectomized mice (�35
dpi) treated for 14 days with sustained release pellets contain-
ing either 5.0 mg of 17-�E or matching placebo pellets. After
14 days of treatment, mice were sacrificed, pellet retention was
confirmed, and RNA extracts from infected TG were analyzed
for the expression of the viral lytic gene ICP4. For positive
controls, ICP4 transcript levels were obtained from untreated
ovariectomized mice at the time of peak HSV-1 replication in
the acutely infected TG (4 dpi) (33). As demonstrated in Fig.
1C, ICP4 transcripts were detected in the TG of latently in-
fected mice treated with 17-�E, but not in the TG of latently
infected mice that received matching placebo pellets. Interest-
ingly, although more contaminating viral DNA (no-RT con-
trols) was detected from acutely infected TG, the ICP4 tran-
script levels in mice treated with 17-�E pellets were
comparable to those found in acutely infected mice (Fig. 1C).
Taken together, these increases in viral genome copy number
and ICP4 expression among latently infected mice treated with
17-�E strongly suggested that the administration of the drug to
latently infected mice induced in vivo HSV reactivation, at
least to the point of DNA replication.

In vivo 17-�E treatment does not alter the number of CD8�

T cells retained in the latently infected TG. We next explored
the possibility that the increases in HSV-1 reactivation pro-
duced by in vivo administration of 17-�E were a consequence
of impaired immunosurveillance that were sequelae to de-
creased numbers of TG resident virus-specific CD8� T cells.
After the establishment of latency (35 to 40 dpi), ovariecto-
mized C57BL/6 mice were treated with sustained release
17-�E (0.5 or 5.0 mg) or matching placebo pellets. TG from
individual mice were excised 14 days after pellet placement and
dispersed with collagenase. Cell suspensions were then pro-
cessed and analyzed to determine the total number of CD8� T
cells and the percentage of CD8� T cells specific for the im-
munodominant viral epitope of HSV-1-infected C57BL/6 mice
(H2-Kb/gB498-505) (39). Compared to placebo pellet-treated
controls, 17-�E administration affected neither the total num-
ber of TG CD8� T cells nor the percentage of CD8� T cells
specific for the immunodominant HSV-1 epitope (Fig. 2).

17-�E does not inhibit inflammatory cytokine/chemokine
production in ex vivo cultures of latently infected TG. HSV-
specific CD8� T cells have previously been shown to block
HSV-1 reactivation from latency in murine ex vivo TG cultures
at least in part through IFN-� production (21, 22). To begin
our assessment of the effects of 17-�E administration on CD8�

R

FIG. 1. In vivo 17-�E treatment of latently infected mice increases
HSV genome copy number and induces expression of the viral lytic gene
ICP4. (A) Ovariectomized mice latently infected with HSV-1 (�35 dpi)
were treated with 21-day sustained release pellets containing 0.5 or 5.0 mg
of 17-�E or matching placebo pellets for 14 days prior to TG excision.
HSV-1 genome copy number per TG equivalent was determined by real-
time PCR. **, P � 0.01; ***, P � 0.001 (evaluated by one-way ANOVA
and Tukey’s multiple comparison tests). (B) Other groups of ovariecto-
mized mice received identical treatment with 17-�E as immediately
above. In addition, serum was collected at the time of TG excision for
evaluation of the relationship between serum estrogen concentration and
HSV genomic copy number. The HSV-1 genome copy number per TG
equivalent was determined by real-time PCR (R2 
 0.6279; P � 0.05, as
determined by cubic curve fitting analyses). (C) Untreated acutely in-
fected (4 dpi) and latently infected (�35 dpi) ovariectomized mice treated
with 21-day sustained release pellets containing 5.0 mg of 17-�E or match-
ing placebo pellets for 14 days prior to TG excision were used to quantify
ICP4 expression by real-time PCR. Samples with a cycle threshold (CT)
value of 40 were considered to lack ICP4 transcripts, and the relative
amounts of transcript per group are displayed as 40 � CT. Positive RT
samples from latently infected mice treated with 17-�E had a mean CT
lower than samples from mice receiving placebo pellets (P � 0.05) (eval-
uated by one-way ANOVA and the Student Newman-Keuls test; n 
 13
total).
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T-cell effector function during latency, we measured superna-
tant concentrations of a variety of cytokines/chemokines in
17-�E-treated TG cultures. TG from mice 35 to 40 dpi were
excised, dispersed into single cell suspensions, and incubated in
TG medium containing ACV and either 10�10 M 17-�E or
vehicle alone. ACV was added to these TG cultures to ensure
that variable rates of HSV reactivation among treatment
groups were not responsible for detectable differences in su-
pernatant cytokine/chemokine concentrations. After 2- and
5-day incubation periods, culture supernatants were assayed
for IL-1�, IL-6, IL-12 p70, IFN-�, TNF, CXCL1 (keratinocyte-
derived chemokine [KC]), CCL2 (monocyte chemoattractant
protein 1 [MCP-1]), CCL5 (regulated on activation normal
T-cell expressed and secreted [RANTES]), and CCL4 (mac-
rophage-inflammatory protein 1 � [MIP-1�]) using multiplex
detection system technology. Compared to untreated controls,
17-�E-treated TG cultures had essentially indistinguishable
concentrations of all measured cytokines/chemokines at day 2
(data not shown) and day 5 of the incubation (Fig. 3).

17-�E does not inhibit CD8� T-cell virus-specific effector
function. To obtain more direct measures of the affect of
17-�E on canonical CD8� T-cell effector functions (numerous
inflammatory cell types are capable of serving as sources for
the cytokines/chemokines detected in TG culture superna-
tants), we combined intracellular cytokine staining and mul-
tiparameter flow cytometric analyses (29) to identify the fre-
quencies with which CD8� T cells from ex vivo TG cultures
released lytic granules and produced IFN-� and TNF in re-
sponse to latently infected neurons. Of note, use of the latently
infected TG explants was designed to allow assessment of
CD8� T-cell function under more physiologic conditions than
those provided by stimulation with non-neuronal target cells.
Single-cell TG suspensions from mice latently infected with
HSV-1 were incubated for 96 h in TG medium supplemented
with 10�6, 10�8, or 10�10 M 17-�E, and CD8� T-cell lytic
granule exocytosis (CD107a surface expression) and IFN-�
and TNF production were assayed during the last 6 h of the
incubation. A portion of the ex vivo TG cultures were not
treated with ACV since HSV-1 typically does not reactivate
before 96 h of incubation, and in the absence of reactivation

neurons remain the only cell type harboring latent virus (10).
To minimize confounding of the results from unanticipated
HSV reactivation events and better ensure that infected TG
neurons remained the only cell type presenting viral antigens
to HSV-specific CD8� T cells, the majority of TG cultures
were also supplemented with the antiviral drug ACV. Among
ACV-treated control cultures, we found that CD8� T cells
exhibited robust production of IFN-� and TNF and release of
lytic granules in response to latently infected neurons. Mul-
tiparameter flow cytometric analyses demonstrated that these
same three CD8� T-cell effector functions were not inhibited
by the administration of either concentration of 17-�E,
whereas nearly identical responses were obtained among par-
allel 17-�E-treated cultures that did not receive ACV (Fig. 4).

We also sought to evaluate the consequences of in vivo
17-�E administration on CD8� T-cell virus-specific effector
functions under more optimal stimulatory conditions. To do

FIG. 3. 17-�E administration does not affect supernatant concen-
trations of inflammatory cytokines/chemokines in the latently infected
TG. TG from mice latently infected with HSV-1 (35 to 40 dpi) were
excised, dispersed into single-cell suspensions, and incubated in TG
medium containing ACV and 10�10 M 17-�E or vehicle alone. Super-
natants were collected after a 5-day incubation period for quantifica-
tion of IL-1�, IL-6, IL-12 p70, IFN-�, KC, MCP-1, RANTES, TNF,
and MIP-1� levels using multiplex detection system technology. Un-
paired t test revealed no statistically significant differences between
groups.

FIG. 2. 17-�E administration does not alter CD8� T-cell numbers in the latently infected TG. Latently infected ovariectomized mice (35 to 40
dpi) were treated with 21-day sustained release pellets containing 0.5 or 5.0 mg of 17-�E or matching placebo pellets. After 14 days, TG were
excised, dispersed into single-cell suspensions, and simultaneously stained with anti-CD8� monoclonal antibody and tetramer containing the
immunodominant HSV-1 gB498-505 epitope (gB498-505 H2-Kb). (A) Absolute number of CD8� T cells per TG in 17-�E- and placebo-treated mice.
(B) Percentage of CD8� T cells that recognize the gB498-505 epitope in 17-�E- and placebo-treated mice. One-way ANOVA revealed no statistically
significant differences between groups.
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this, ovariectomized mice harboring latent HSV-1 (35 to 40
dpi) were treated for 14 days with sustained release pellets
containing 0.5 or 5.0 mg of 17-�E or matching placebo pellets.
After 14 days, TG were excised, dispersed into single-cell sus-
pensions, and stimulated directly ex vivo with HSV-1-infected
targets. CD8� T cells were analyzed for IFN-� and TNF pro-

duction and lytic granule release. Although responses to in-
fected target cells are less physiologic than CD8� T-cell re-
sponses to latently infected neurons in TG explant cultures,
optimally stimulatory conditions were utilized as a means to
delineate any less-pronounced affects of 17-�E on CD8� T-cell
effector function. As shown in Fig. 5, neither tested dose of

FIG. 4. 17-�E does not inhibit the effector function of CD8� T cells interacting with HSV latently infected neurons in ex vivo TG cultures.
Single-cell suspensions of pooled TG (1.0 TG equivalents) from mice latently infected with HSV-1 (35 to 40 dpi) were incubated for 96 h in TG
medium with or without ACV and 10�6, 10�8, or 10�10 M 17-�E or vehicle alone. Endogenous CD8� T cells were assayed for lytic granule release
(CD107a) and IFN-� and TNF production. (A) Multiparameter flow cytometric analyses were used to determine the integrated median
fluorescence intensity (iMFI) of CD107a-, IFN-�-, and TNF-producing CD8� T cells: iMFI 
 (frequency of CD107a-, IFN-�-, or TNF-producing
CD8� T cells) (MFI). (B) Multiparameter flow cytometric analyses were used to determine the frequency of CD8� T cells expressing each of the
seven possible combinations for CD107a, IFN-�, and TNF production. (C) Representative fluorescence intensity distributions from latently
infected TG incubated in TG medium supplemented with ACV and 10�6 M 17-�E or vehicle alone for CD8� T cells producing all three (3�),
any two (2�), or any one (1�) cytokine (IFN-� or TNF) or lytic granules (CD107a). (D) Representative pie charts for the fraction of the total
response that was comprised of CD8� T cells producing 3�, 2�, or 1� cytokines (IFN-� or TNF) and lytic granules (CD107a) for each tested
condition. (E) CD107a, IFN-�, and TNF median fluorescence intensity (MFI) for 3�, 2�, and 1� producing CD8� T cells from each tested
condition; error bars denote the standard deviation (SD). In all of the above multiparameter flow cytometric analyses, there were no statistically
significant differences between groups regarding the effector function of CD8� T cells responding to latently infected neurons.
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17-�E was inhibitory to IFN-� and TNF production or lytic
granule release by TG resident HSV-1-specific CD8� T cells
stimulated directly ex vivo. Taken together, our results strongly
suggest that the disruption of latency promoted by 17-�E ad-
ministration was not a likely sequela to inhibition of any of the
virus-specific CD8� T-cell functions known to limit the fre-
quency of HSV reactivation.

17-�E promotes HSV reactivation via a leukocyte-indepen-
dent interaction with latently infected neurons. Since 17-�E
increased in vivo HSV reactivation without any demonstrable
inhibition of virus-specific CD8� T-cell effector function, we
hypothesized instead that reactivation was promoted via leu-
kocyte-independent interactions with latently infected neu-
rons. After the establishment of latency (35 to 40 dpi), TG
were excised and dispersed with collagenase, and TG cell ali-
quots were either depleted of CD45� cells by treatment with
antibody and complement or mock depleted with complement
alone. TG cells were suspended in TG medium supplemented
with 10�10 M 17-�E or vehicle only, and supernatant fluids
were serially sampled at 4, 6, and 8 days of culture. Among
mock-depleted TG cultures treated with vehicle alone, we ob-
served a reactivation frequency of ca. 10% (Fig. 6). However,
CD45 depletion was associated with an increased frequency of
HSV reactivation, corroborating a previously demonstrated
capacity of CD8� T cells to block HSV-1 reactivation from
latency in ex vivo TG cultures (14). Since we have observed
very similar ex vivo reactivation frequencies between TG cul-
tures depleted of CD8� T cells and cultures depleted of all
bone marrow-derived CD45� cells (21), it seemed unlikely that
this higher frequency of HSV reactivation resulted from the
abrogation of immune responses not related to CD8� T-cell
effector function. 17-�E administration to mock-depleted TG
cultures also produced nearly identical increases in viral reac-
tivation frequency (a result wholly consistent with the increases
in HSV reactivation produced by in vivo 17-�E pellet place-
ment). Finally, we observed an additional augmentation in
HSV reactivation frequency among CD45-depleted cultures
treated with 17-�E, indicating that at least a portion of the

drug’s ability to increase reactivation was leukocyte indepen-
dent. This higher rate of HSV reactivation among CD45-de-
pleted TG cultures treated with 17-�E is consistent with the
presence of direct interactions between the drug and latently
infected neurons that provide critical impetus for HSV reacti-
vation from latency.

17-�E promoted increases in HSV reactivation are mediated
via ER�. Estrogen exerts many of its numerous effects via
interaction with nuclear estrogen receptors (ERs) that, when
bound, affect expression of target genes (13). However, estro-
gen has also been shown to activate cell signaling pathways that
operate independently of ER-based interactions (27). Because
of these two possible modes of pharmacologic activity, we next
sought to determine whether the increased HSV reactivation
from latency elicited by in vivo 17-�E treatment was dependent
on ER� engagement. Ovariectomized wild-type or ER1
(ER�)-deficient C57BL/6 female mice latently infected with
HSV-1 (35 to 40 dpi) were treated for 14 days with sustained
release pellets containing 5.0 mg of 17-�E or matching placebo
pellets. Although two different ERs, ER� and ER�, have been
identified (2), we confined the current investigation to the use
of ER1 (ER�) knockout mice since the vast majority of small
and medium-sized rodent TG neurons have been shown to
express ER� receptors alone. Individual TG were excised and
dispersed into single cell suspensions, and DNA was analyzed
for HSV-1 genome copy number by real-time PCR. As shown
in Fig. 7, TG viral load during latency was nearly identical
between untreated ovariectomized wild-type mice, untreated
ER�-deficient mice, and ER�-deficient mice treated with
17-�E pellets. In contrast to these results, ovariectomized wild-
type mice treated with 17-�E demonstrated significant in-
creases in HSV viral burden. Since this increase in viral copy
number was completely abrogated among similarly treated
ER�-deficient mice, our results suggest that, at least during
latency, 17-�E induces HSV reactivation via interactions with
ER�-expressing TG neurons.

  -
  -

FIG. 5. In vivo 17-�E treatment has no effect on CD8� T-cell
function responding to infected target cells. Latently infected ovariec-
tomized mice (35 to 40 dpi) were treated with 17-�E or matching
placebo pellets as described in Fig. 1A. At 14 days after pellet implan-
tation, single-cell suspensions of TG from individual mice were stim-
ulated directly ex vivo for 6 h with histocompatible fibroblasts infected
with HSV-1 and CD8� T cells analyzed for lytic granule release
(CD107a) and IFN-� and TNF production. The data are presented as
the mean (� the SD) percentage of IFN-�-, CD107a-, or TNF-pro-
ducing CD8� T cells in each treatment group. As evaluated by one-way
ANOVA, there were no statistically significant differences between
groups.

FIG. 6. 17-�E increases ex vivo HSV-1 reactivation. Latently in-
fected TG from ovariectomized mice latently infected with HSV-1 (35
to 40 dpi) were excised, dispersed into single-cell suspensions, and
depleted of CD45� cells by treatment with antibody and complement
or mock depleted. Pooled TG suspensions (0.1 TG equivalents) were
suspended in TG medium supplemented with 10�10 M 17-�E or ve-
hicle and dispensed into each well of a 96-well plate. HSV-1 reactiva-
tion frequency was monitored by serially assaying culture supernatant
samples on days 4, 6, and 8 of incubation for replicating virus via
plaque assay (n 
 48 per group). The experiment was repeated twice
with similar results; the data are presented as the percentage of 0.1 TG
equivalent cultures from each treatment group in which HSV-1 reac-
tivation was detected by plaque assay.
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DISCUSSION

HSV infections of humans are characterized by the ability of
the virus to maintain a lifelong latent infection in sensory
ganglia of the peripheral nervous system. Latency, however,
can be an unstable condition from which HSV intermittently
reactivates to travel by anterograde transport to mucosal and
epithelial surfaces in close proximity to sites of primary infec-
tion. Although the establishment and maintenance of HSV
latency is incompletely understood, modulators of these pro-
cesses are known to include the virus and virally infected neu-
rons, as well as host immunosurveillance of the infected neu-
rons.

Fitness of the host immune response is one component of
this complex tripartite relationship clearly influencing the like-
lihood of HSV reactivation. In murine models of infection,
HSV-specific CD8� T cells help prevent reactivation from
latency in both in vivo and in ex vivo TG cultures. Clinical
corroboration of these findings are provided by a recent find-
ings among human immunodeficiency virus type 1-infected
women in which higher HSV-2 reactivation frequencies were
highly correlated with increased immunosuppression (defined
by higher plasma human immunodeficiency virus type 1 RNA
levels and lower CD4� cell counts) (25). Similarly, the use of
corticotropin, a therapeutic agent with immunosuppressive
and anti-inflammatory properties, for treatment of infantile
spasms has been identified as a risk factor for HSV reactivation
and recurrent encephalitis (4). Host immunity, however, re-
flects only one division of the forces responsible for the regu-
lation of HSV latency since the virus itself appears to contrib-
ute to the maintenance of the quiescent state. As primary
evidence, the most abundant viral transcript in HSV-infected
sensory ganglia is LAT, which serves to promote both gener-
ation and maintenance of viral latency (3). Although no LAT-
encoded protein has been consistently detected in vivo, recent
research suggests that LAT may promote latency by function-
ing as a primary microRNA (miRNA) precursor encoding for
at least four distinct miRNAs in HSV-infected cells. These

miRNAs inhibit HSV gene expression and are thought to play
a role in maintaining the virus in a latent state (38). The
contributions of sensory neurons toward maintenance of HSV
latency have been primarily supported by the large body of
evidence demonstrating latency is exclusively established
among these cells. Recent evidence further suggests that spe-
cific neuronal subpopulations are more permissive for estab-
lishment of latent HSV infection and that infected ganglionic
neurons are important regulators of the viral gene repertoire
expressed during latency (40).

In the present investigation we report that 17-�E disrupts
HSV latency in mouse sensory neurons. We have previously
detected a narrow range of viral genome copy number in the
TG of large groups of HSV-infected male and intact female
mice during latency (11, 19), suggesting that physiologic levels
of testosterone or the typical fluctuations in estrogen produced
by the murine estrous cycle were not responsible for the in-
creases in HSV genome copy number seen upon in vivo ad-
ministration of 17-�E. It seems likely, therefore, that 17-�E
pellet implantation of wild-type mice would achieve increases
in viral genome copy number similar to those found among the
ovariectomized mice in the present investigation. On the other
hand, our exclusive use of ovariectomized mice fed a pellet diet
devoid of estrogenic hormones allowed a more precise assess-
ment of the specific effects of 17-�E on HSV reactivation from
latency.

As 17-�E promoted HSV reactivation in the absence of any
demonstrable affects on pertinent CD8� T-cell effector func-
tions, our results also illustrate the complexity of the tripartite
relationship between HSV, infected sensory neurons, and host
immunity that are responsible for maintaining this latent state.
Specifically, we show that in vivo treatment with 17-�E has no
affect on the capacity of endogenous CD8� T cells to produce
IFN-� and TNF or release lytic granules in response to latently
infected neurons or upon direct ex vivo stimulation with HSV-
infected non-neuronal targets. Despite the absence of CD8�

T-cell effector function inhibition, the addition of 17-�E pro-
motes HSV reactivation in ex vivo TG cultures. The fact that
viral reactivation is further augmented among 17-�E-treated
cultures depleted of CD45� cells provides additional support
that reactivation is induced by leukocyte independent pro-
cesses. In corroboration of the ex vivo results, we show in vivo
treatment of latently infected ovariectomized mice promotes
lytic gene expression and produces a dose-dependent increase
in viral genome copy number. Moreover, in vivo administration
of 17-�E to latently infected ER�-deficient mice did not reca-
pitulate the increases in viral copy number observed among
ovariectomized wild-type mice receiving identical treatment.
Taken together, these results provide strong evidence that
HSV reactivation is promoted after binding of the drug to ER�
receptors. Although our study does not exclude the contribu-
tion of other ERs, our findings demonstrate an essential role
for ER� in the induction of HSV reactivation by 17-�E.

Beyond the specific findings of our investigation, however,
these results provide support for the emerging hypothesis that
posits HSV latency to be a dynamic state maintained by a
complex interplay between virus, infected neurons, and host
immunity. Of note, our findings are congruent to those from an
earlier murine study in which the exogenous sex steroid MPA
demonstrated a similar capacity to disrupt HSV latency (6).

FIG. 7. 17-�E-induced HSV-1 reactivation is mediated via ER�.
Latently infected (35 to 40 dpi) wild-type or ER1 (ER�)-deficient mice
were treated for 14 days with sustained release pellets containing 5.0
mg of 17-�E or matching placebo pellets. TG DNA was analyzed for
HSV genome copy number by real-time PCR and the relative mean
with 95% confidence interval amounts of viral genome per group are
displayed as 40 – CT. **, P � 0.01 (evaluated by one-way ANOVA and
Tukey’s multiple comparison tests [17-�E-treated wild type versus all
other groups]; n 
 18 total).
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From the perspective of a viral pathogen, the ability to emerge
from latency in response to local or systemic increases in es-
trogen and progesterone concentrations would greatly enhance
the likelihood for its transmission and provide a significant
increase in survival fitness. Further investigation is needed to
determine whether the increases in reactivation from latency
observed upon administration of exogenous sex steroids in
murine models of ocular HSV-1 will be recapitulated in other
experimental models and among women with ocular or genital
tract HSV infection.
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